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               Introduction 
 Many human activities have been associated with the produc-

tion, transportation, storage, and conversion of fossil fuels. Cur-

rently, hydrogen is widely regarded as an ideal energy-carrying 

medium without carbon dioxide emissions. Hydrogen, produc-

ible from water via electrolysis or more practically from steam 

reforming of hydrocarbons, is abundant, clean, and recyclable. 

 Despite the promise offered by hydrogen as a dispatchable 

fuel, a number of fundamental and technical problems must be 

solved before commercial-scale use of hydrogen energy can be 

realized.  1,2   In the fi eld of hydrogen storage, the issues include 

safety, high capacity, moderate operating temperature and 

pressure, fast kinetics, and recyclability. Compressed hydro-

gen gas, liquid hydrogen, and chemical or metal hydrides are 

readily available forms of storage for which there exists a 

long research history. On the other hand, adsorbing molecu-

lar hydrogen on solid surfaces is a relatively new storage 

paradigm that is under active research. While many materials 

have been studied for room-temperature hydrogen storage, 

the achieved capacity is still short of the desired level for 
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practical applications. Since typical hydrogen interactions 

with solid surfaces tend to be via physisorption (~5 kJ/mol) 

or chemisorption (>100 kJ/mol), the storage of a meaningful 

amount of hydrogen requires technically harsh conditions, 

such as cryogenic temperatures and/or high pressures on the 

order of several hundred bars. Exploiting metal-dihydrogen 

complexes that are stabilized by the so-called Kubas inter-

action (to be explained later) therefore represents a game 

changer in the pursuit of technologically viable approaches 

to hydrogen storage.  3

 Computation by quantum mechanical methods has proven to 

be very powerful to predict key physical properties of materi-

als such as crystal structure, electronic and optical properties, 

transport properties, and gas adsorption kinetics. Combining 

quantum mechanical simulations and experimentation can dra-

matically improve the effi ciency of developing high-capacity 

hydrogen storage. We fi rst give a brief historical introduction 

to the use of carbon-based nanomaterials for hydrogen storage 

and the role of residual metal particles in hydrogen sorption in 

these materials. The possibility of the spillover phenomenon 
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(dissociation and diffusion of adsorbed hydrogen on the adsor-

bent) is discussed as well. Next, we describe in more detail the 

widely used method of dispersing metal atoms in the backbone 

structure to enhance the hydrogen binding energy. The signifi -

cance of the Kubas interaction is emphasized in this respect. 

Various strategies to avoid metal clustering in the process of 

metal decoration as well as to reduce the oxidation tendency 

after or during metal deposition are presented. The infl uence 

of electron spin on hydrogen binding energy and the structural 

instability that may arise during hydrogen sorption are also 

discussed.   

 Computational methods 
 Recently, fi rst-principles quantum mechanical simulations 

have reached a level of sophistication that enables computa-

tional elucidation of the mechanism of the hydrogen adsorp-

tion on framework materials with high accuracy. These tools 

also can provide detailed quantitative information on the 

structure and chemistry of hydrogen storage materials. These 

fi rst-principles methods tend to be either density functional 

theory (DFT) or wave function methods. Their accuracy 

depends on the basis set and the treatment of the exchange-

correlation of electrons.  4   –   7  As in other applications of fi rst-

principles methodologies, the central algorithmic issue is to 

identify a suffi ciently accurate approximation of the quantum 

mechanical exchange-correlation of electrons associated with 

hydrogen adsorption. In particular, physisorption of hydrogen 

due to medium-range van der Waals (or dispersion) interac-

tions is poorly described by typically employed exchange-

correlation density functional approximations such as the 

generalized gradient approximation (GGA) and the local den-

sity approximation (LDA). Care must be taken in account-

ing for metal–hydrogen interactions because the error from 

improper handling of the exchange-correlation can sometimes 

be signifi cant.  8   ,   9   

 The Hartree-Fock (HF) method, a starting point for wave 

function methods, incorporates exact exchange interactions, 

but electron correlation is completely neglected. Post-HF 

methods, such as Møller–Plesset second order perturbation 

theory (MP2),  10   were devised to incorporate the correlation 

of electrons. Even more highly correlated methods, such as 

coupled cluster  11   or quantum Monte Carlo (QMC)  12   methods, 

are the point of reference for testing the accuracy of DFT, 

HF, or MP2 analyses. Hybrid functionals also have received 

a good bit of attention, in which Hamiltonians are based on 

linear combinations of HF exchange and the DFT exchange-

correlation functionals.  13   

 Bajdich et al.  14   carried out a comprehensive comparison 

among DFT, wave-function, and QMC methods, concluding 

that the error from GGA or LDA in DFT calculations comes 

mostly from the exchange functional. QMC calculations of 

H 2  binding on Ca +  ion were closely reproduced by DFT cal-

culations when the exact exchange functional plus the GGA 

correlation was used. Shimka et al.  15   reported an interesting 

study of molecular adsorption on metal surfaces; the random 

phase approximation (RPA) for screening built into the HF 

methods gives very reliable results of adsorption energies 

and binding sites for CO and benzene on transition metal sur-

faces, as compared with experiments. In the RPA, electrons 

are assumed to respond in a self-consistent way to the total 

electric potential, which is the sum of the external potential 

and a screening potential. Studies so far suggest two realistic 

solutions to account for electron exchange and correlation in 

association with hydrogen adsorption analyses: the pragmatic 

choice of exact exchange combined with GGA correlation, 

or a more rigorous and accurate method of exact exchange 

combined with RPA correlation. 

 We typically use plane-wave–based, fi rst-principles meth-

ods, such as those implemented in the VASP (Vienna  ab 

initio  simulation package) and Quantum Espresso codes. 

The former is commercially available for academic licens-

ing, while the latter is in the public domain. These codes 

are run on high-performance computing platforms, essen-

tial for the problem sizes of interest here. For example, we 

often use clusters based on Intel quad-core Xeon CPUs (2.66 

GHz). Computing nodes are interconnected by either Gigabit 

or Infi niband switches (Infi niband provides a much faster 

communication between the nodes.). The computing time 

depends on the system size and the accuracy required for 

each problem. Suppose we calculate the hydrogen-binding 

energy in a metal-graphene complex within 1 meV or 0.1 

kJ/mol accuracy. The total energy calculation of hydrogen 

together with the metal-graphene complex consists of two 

loops: a loop for self-consistent DFT calculations for a given 

atomic position and a loop for the relaxation of atomic posi-

tion. With one node consisting of two quad-core CPUs, the 

fi rst loop takes about 500 seconds, and the second loop 

involves 100 iterations. The total time will therefore be about 

12 hours. Similar calculations are repeated for 10s of dif-

ferent confi gurations. The timeframe for a typical binding 

energy calculation ranges from a few days to a few weeks 

with this computing system.   

 Porous carbon nanomaterials and metal residue 
 Carbon-based nanomaterials, such as carbon nanotubes 

(CNTs) and fullerenes, have attracted a great deal of atten-

tion because they have an extremely large surface area and 

enhanced capillary reactions with molecules.  16   ,   17   The  sp  2 -

bonding between carbon atoms ensures the stability and the 

large surface area of these materials. These promising attri-

butes prompted people to readily consider carbon nanomate-

rials for gas sensing and hydrogen storage applications. Early 

measurements reported overly optimistic results, wherein 

CNTs were found to uptake hydrogen by about 5–10 wt% 

(gravimetric density, namely, the usable hydrogen weight 

over the total storage system weight) at room temperature 

and moderately high pressures.  18   ,   19   Despite these data, fi rst-

principles calculations predicted that H 2  molecular binding 

on bare carbon nanomaterials is very weak, with binding 

energies similar to those associated with van der Waals 
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(MOFs), **  and other materials with a high surface area is still 

an active issue in hydrogen storage research.  35     

 Metal decoration in porous materials and Kubas 
interactions 
 The interaction of H 2  with sorption materials is a key param-

eter that controls the desorption temperature and pressure as 

well as the ultimate storage capacity of a material. The desir-

able adsorption energy of H 2  under conditions for practical 

interactions (~5 kJ/mol) and binding distances 

of about ~3.3 Å.  20   –   22   Later experiments consis-

tently showed that, due to such small adsorp-

tion energies, the room temperature storage 

capacity of these materials is not more than 

1 wt%, and that a technologically important 

capacity (~6 wt%) could only be reached at 

cryogenic temperatures. For reference, the 

U.S. DOE target capacity for the year 2015 

is 5.5 wt% and 40 g/L (volumetric density, 

namely, usable hydrogen weight over the 

total storage system volume). Therefore, it 

became necessary to seek other mechanisms 

and structures to improve hydrogen binding 

on sorption materials such as hydrogen spill-

over, *  metal dispersion, or structural/chemical 

modifi cations.  23   –   28   

 There has been a controversy as to whether 

residual metal catalysts used in growing CNTs 

act as hydrogen sorption materials or as cata-

lysts to drive hydrogen into the carbon nano-

structures.  29   ,   30   It was suggested that hydrogen 

dissociation and subsequent spillover to CNTs 

by metal catalysts can lead to high-capacity 

storage.  23   ,   31   According to this model, the metal 

catalysts dissociate hydrogen molecules into 

H atoms, which then diffuse along the surface 

of activated carbon, making  sp  3  bonds. The 

storage capacity was reported to be as high as 

~3.7 wt% at 69 bar in a sample of multi-walled 

CNTs.  31   This intriguing phenomenon of hydro-

gen spillover has been regarded as an effi cient 

method to overcome the drawback of weak 

molecular hydrogen adsorption and insuffi -

cient space in carbon nanomaterials. However, 

first-principles calculations suggested that 

individual hydrogen molecules would favor 

the gas phase over atomic chemisorptions to  sp  2 -bonded car-

bon.  32   ,   33   On the other hand, fully hydrogenated graphene (or 

graphane) is stable against segregated graphene and hydrogen 

gas.  34   It was shown that hydrogenation of graphene can be 

energetically favorable when a certain amount of hydrogena-

tion is initiated.  32   Cumulative binding of H atoms may be plau-

sible at the boundary of the domains of pre-bound H atoms. 

Since the dissociation and diffusion of hydrogen involves 

excited transient states, it is unclear whether energetics alone 

can determine the feasibility of hydrogen spillover. Hydroge-

nation via spillover of graphene, metal organic frameworks 

    *     The hydrogen spillover refers to a dissociative and diffusive adsorption of hydrogen 

assisted by metal catalysts. H 2  is bound to a metal catalyst surface through a dissocia-

tive mechanism that splits the hydrogen molecule into two H atoms, and those H atoms 

diffuse down onto the surface of the sorption materials.  

  
 Figure 1.      Hybridization diagram between H 2  and Ti under the octahedral ligand fi eld. 

The 3 d  orbitals of the Ti atom are decomposed into  e g   ( d x   
2  – y   

2  and  d  3 z   
2  – r   

2 ) and  t  2 g   ( d xy  ,  d yz  , 

and  d zx  ) orbitals. An isolated H 2  can have  σ  (bonding) and  σ  *  (anti-bonding)  s  orbitals. 

The isosurfaces of the electron wave functions of the hybridized orbitals are also shown 

in the middle. The color of the isosurfaces denotes the sign of wave functions. This 

metal-dihydride complex is stabilized via the Kubas interaction (nondissociative weak 

chemisorption via electron donation and back-donation channels). Red denotes positive, 

and blue denotes negative. Adapted from Reference 39.    

    **     Similar to other high-surface area materials, H 2  is bound to the constituent atoms of 

the MOF basically through weak van der Waals interactions. Exposed open metal sites 

in MOFs could serve as stronger binding centers of hydrogen. Under low temperature 

and high pressure, a substantial amount of H 2  gas molecules may be stored in the void 

volume of the MOF as well. If the spillover phenomenon should be in effect, additional 

storage by hydrogen atoms attached to the inner surface of the MOF would be possible.  
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conditions, experimental support for this storage paradigm 

has been rather scarce. Adsorption isotherm measurements 

indicated that 3-coordinate Ti(III) centers in a mesoporous 

silica backbone might hold up to fi ve hydrogen molecules, 

with a binding strength of ~22 kJ/mol.  42   Phillips and Shivaram  43   

reported an observation of high-capacity uptake of 2–5 H 2  per 

TM at room temperature in a TM-ethylene complex. How-

ever, sample preparation conditions signifi cantly affected the 

metal dispersion and hydrogen binding. A potential problem 

that arises during metal dispersion is the aggregation of metal 

atoms. Sun et al. reported the possibility of clustering of metal 

atoms in backbone structures.  44   It was shown that Ti atoms on 

C 60  are energetically unstable against clustering. Obviously, the 

number of available hydrogen binding sites is reduced drasti-

cally when metal clustering occurs. Furthermore, the transition 

metal atoms are so reactive that they can destroy the structure of 

backbone materials or dissociate hydrogen and other molecules. 

In fact, isotope-dependent temperature-programmed desorption 

measurements on Ti-deposited polyaniline showed a signature 

of Ti clustering.  45   

 The tendency of metal atoms to cluster derives from the large 

cohesive energy of metal as compared with the binding energy 

of individual metal atoms to the backbone material. One pos-

sible solution to this problem is to increase the binding energy 

of individual metal atoms to the backbone (  Figure 2  ). It was 

shown that B-doping in graphene increases the metal binding 

energy appreciably and also affects the hydrogen adsorption.  46   ,   47   

The hole doping in graphene enhances the charge transfer from 

applications is in the range of 20–40 kJ/mol according to equi-

librium thermodynamic calculations (including vibrational 

contributions).  36   Since H 2  molecular attraction to sorption 

materials is usually through weak van der Waals interactions, 

the increase of binding energies to optimal values has been 

a major issue in designing hydrogen storage materials via 

computations. 

 Niu et al.  37   studied molecular hydrogen binding with ionized 

transition metals (TMs), showing that several H 2  molecules 

can be adsorbed on metal ions with an energy range of about 

30–50 kJ/mol, but their study was not immediately applied to 

the hydrogen storage problem. Lochan and Head-Gordon  38   

carried out a comprehensive study for other metal ions. TM 

ion-H 2  complexes (known as Kubas complexes) are usually 

stabilized by two co-existing mechanisms (  Figure 1  ). An occu-

pied H 2   σ -bonding orbital can hybridize with an unoccupied 

TM  d  orbital, which is called the electron donation channel. An 

occupied TM  d  orbital can hybridize with an unoccupied H 2   σ  * -

antibonding orbital, which is called the back donation channel. 

Two interactions occur simultaneously in a typical Kubas com-

plex.  3   ,   39   A clear fi ngerprint of back donation is the elongation 

of H–H bond length to about ~0.85–0.9 Å from an equilibrium 

value of ~0.75 Å. Several fi rst-principles calculations reported 

potential hydrogen storage that utilize TM-decorated CNTs,  26   

fullerenes,  27   polymers,  28   or 3D graphene.  40   TM atoms prefer 

to sit on the center of aromatic carbon rings in, for example, 

CNT or graphene with binding energies of ~2 eV. The fi rst H 2  

adsorbed on a TM atom tends to dissociate into 2 H atoms, 

forming hydride, and the next 4–5 H 2  molecules 

are adsorbed on TM without dissociation and 

with a strength of about ~30–80 kJ/mol.  28   The 

storage capacity can reach as high as 4–8 wt% 

at moderate adsorption conditions, according to 

previously mentioned calculations.     

 Transition metal atoms can have unbalanced 

net spins, and the spin state is an important issue 

in understanding the binding mechanism of H 2  

to the transition metal atoms.  41   The trends of the 

H 2  binding energy have been well-explained by 

the relative line up of spin-up and spin-down 

orbitals in comparison with crystal-fi eld split-

ting.  41   When the crystal-fi eld splitting (by ligand 

fi elds or by H 2  adsorption) becomes larger than 

the exchange splitting (the energy difference 

between spin up and down states), the system 

switches from a high spin state to a low spin 

state, resulting in a net energy gain. This indi-

cates that, in designing hydrogen storage mate-

rials, the electron spin is a factor that should be 

considered and taken advantage of.  

 Metal clustering and oxidation 
 While many calculations have suggested that 

TM-dispersed nanomaterials could achieve 

high-capacity hydrogen storage at ambient 

  
 Figure 2.      Atomic structure of Ti attached to (a) a pure and (b) a B-doped coronene (a 

polycyclic aromatic hydrocarbon, C 24 H 12 , consisting of seven benzene rings) molecule. 

Yellow balls, carbon; purple balls, boron; large blue balls, titanium; small light-blue balls, 

hydrogen. (c) Calculated binding energies  E  b  of transition metal atoms (Sc, Ti, and V) on 

boron or nitrogen-doped coronenes (1 eV = 96.5 kJ/mol). B n  (N n ) denotes  n  B (N) atoms 

in a carbon hexagon ring without forming B–B (N–N) bonding. The number 0 indicates the 

pristine coronene case. Adapted from Reference 46.    
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 Figure 3.      Proposed geometry of hydrogen adsorption on Fe-decorated, OH-functionalized 

metal organic framework (MOF). The junction region is shown in blue (detailed atomic 

structures are omitted for simplicity); the linker part (bridging organic ligands) is shown 

in gray; oxygen atoms are red dots; hydrogen atoms are white dots; and Fe atoms are 

green dots. (a) One of the MOF structures is functionalized with a hydroxyl group (OH). (b) 

Fe-decorated, OH-functionalized MOF with maximally adsorbed H 2  on it. H 2  gas molecules 

residing in the void volume at the center are not shown for visual clarity. Adapted from 

Reference 48.    

metal to graphene and changes the occupation of metal  d  orbit-

als.  46   Since the strength of the Kubas interaction and the number 

of adsorbed H 2  binding depend on the level and occupation of  d  

orbitals, optimal storage materials may be designed by chemi-

cal doping and structural modifi cation that change the binding 

strength and charge transfer between the transition metal and 

sorption materials.     

 Another problem in metal decoration is the oxidation of 

metal atoms, which will block the adsorption of H 2  to the metal. 

Partial hydrogenation of metal ions, which occurs at initial 

hydrogen binding, can suppress oxidation to a certain extent, 

while providing non-bonding  d  orbitals for hydrogen adsorp-

tion. Since oxygen generally contaminates the 

material and badly degrades the storage sys-

tem, it is necessary to seal and shield the system 

against oxygen penetration and to also install an 

oxygen getter. One possible strategy to allevi-

ate the oxidation problem is to use a metal that 

has less of a tendency to oxidize, such as Fe, as 

opposed to Ti. The advantage of Fe decoration 

on the framework structure has been described 

in the literature.  9   ,   48   In fact, if the MOF is func-

tionalized with OH, for example, then transition 

metal atoms preferentially attach to the func-

tional groups so that metal clustering is avoided. 

  Figure 3   shows a schematic confi guration of 

maximally adsorbed H 2  on a Fe-decorated, OH-

functionalized MOF.  48         

 Non-transition metal decoration 
 Non-transition metals such as Li, Na, Mg, and 

Ca also have been studied as hydrogen binding 

centers in various dispersive media.  49   –   55   Lochan 

and Head-Gordon  38   calculated, using fi rst-prin-

ciples wave function methods, hydrogen adsorp-

tion on bare ionic alkali metal atoms, Li + , Na + , 

Mg 2+ , and Al 3+  ,  and found that they hold up to 

six hydrogen molecules, with binding energies 

varying from 10–12 kJ/mol (Na + ) up to 116–350 

kJ/mol (Al 3+ ). This result supports the conten-

tion that, once alkali or alkaline-earth metals 

can exist as bare ions in porous media, they 

will provide binding centers for H 2  adsorption.  56   

Ca has been regarded as particularly promis-

ing in this regard because of its smaller bulk 

cohesive energy (~180 kJ/mol) as compared 

with that of TMs (~400–500 kJ/mol), implying 

much weaker tendency toward clustering. Ca 

has the added advantage that empty  d  orbitals 

can have the Kubas-type interaction with H 2 . 

It was shown that each Ca ion on the CNT or 

fullerene holds up to six H 2  molecules, with 

the binding strength of ~10–20 kJ/mol.  50   ,   51   ,   53   ,   57   

 Chemical modifi cations of sorption materi-

als also induce a noticeable change in Ca  s  and 

 d  orbital occupation, and it dramatically affects the hydrogen 

adsorption on Ca ions. An interplay between electrostatic Cou-

lomb and Kubas interactions occurs when  s  and  d  levels of Ca 

on graphene are exchanged upon multiple H 2  adsorption. The 

fi rst H 2  adsorption on the Ca +  ion in pristine graphene is mostly 

mediated by the induced dipole and quadruple interactions. As 

more hydrogen molecules are adsorbed on Ca, the repulsive 

potential of hydrogen electrons pushes Ca  s  orbitals into a 

higher energy than Ca  d  orbitals so that  d  orbitals become 

partially occupied. When this  s-d  level reversal occurs, the 

Kubas-type interaction (in its broad sense, namely, at least the 

donation channel mentioned previously clearly exists, although 

  
 Figure 4.      Consecutive H 2  binding energies ( E  b ) to Ca–C 32– x  B  x   complexes calculated 

with the density functional theory method within the generalized gradient approximation 

(1 eV = 96.5 kJ/mol). The label in the abscissa:  n  in B n  denotes the number of boron 

atoms substituting carbon atoms at a defect site. Boron doping improves the hydrogen 

adsorption properties in Ca-decorated graphene by enhancing the Kubas interaction 

(nondissociative weak chemisorption via electron donation and back-donation channels) 

between Ca and H 2  molecules. Adapted from Reference 51.    
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 Figure 5.      (a) Perspective view of the covalently bonded graphene (CBG) with 

Ti atoms affi xed at the vertex sites and hydrogen molecules on Ti. Here each 

Ti adsorbs four hydrogen molecules. Enlarged side views of (b) four hydrogen 

molecules adsorbed on a Ti atom at the vertex and (c) 11 hydrogen molecules on 

the Ti trimer affi xed to the vertex sites of the CBG. The red circles in (b) and (c) 

denote the  sp  3 -bonded carbon atoms. Adapted from Reference 40; see Reference 

40 for more details.    

the back-donation channel may be fairly weak) pro-

vides the dominant binding energy for a stronger and 

more stable confi guration.   Figure 4   shows the very 

small adsorption energy for the fi rst H 2  and then a sig-

nifi cant increase in subsequent adsorption energies on 

Ca in pristine graphene due to the onset of the Kubas 

interaction.        

 Porous frameworks and hybrid 3D 
structures 
 Computational optimization of hydrogen binding 

energy represents only one facet of the design process. 

Successful material systems also must have a large sur-

face area and pore volume essential for high gravimetric 

and volumetric capacity as well as fast kinetics. There-

fore, another critical question is how to sustain enough 

space and structural stability between individual con-

stituents so as to utilize them as both a hydrogen sorp-

tion material and as a backbone for metal dispersion. 

Not only metal clustering, but also the deterioration of 

backbone materials, is likely to occur during cycles of 

hydrogen storage and release. Regarding this issue, we 

introduce some hybrid carbon structures considered as 

potential backbone materials.  40   ,   58   –   64   

 The  sp  2 -bonded carbon structures, such as CNT and 

graphitic nanostructures, can, in principle, have a large 

surface area (greater than 1000 m 2 /g), but the interlayer 

spacing is limited to about ~3.4 Å. This is not suffi -

cient for molecular hydrogen adsorption, diffusion, and 

metal dispersion. In order to overcome such structural 

shortcomings, hybrid structures combining different 

types of nanostructures have been proposed. 62  Graphite 

intercalated with C 60 , CNTs, or other molecules;  59   ,   63   ,   64   

graphene-based three-dimensional structures;  40   ,   58   

and pillared carbon materials  60   ,   61  were considered for 

hydrogen storage.   Figure 5   shows the graphene-based 

three-dimensional structure, named covalently bonded 

graphene (CBG), which consists of graphene stripes 

interconnected by the  sp  3 -bonded carbon atoms at the 

vertices. By adjusting the pillar molecules or the width of gra-

phene stripes that build the CBG structures, the pore size can 

be controlled. One immediate implication is that the hybrid 

nanostructures could set another pathway to achieve a maximal 

gravimetric and volumetric capacity for the molecular hydrogen 

storage. For metal-decorated covalently bonded graphene, the 

ideal maximum gravimetric capacity is estimated to be ~10 

wt%, with a volumetric capacity of ~67 g/L when 6 H 2  mol-

ecules are adsorbed on each metal atom. These are currently 

only theoretically proposed structures, and their usefulness 

needs be confi rmed by experiment.     

 In addition to the materials systems already discussed, there 

are cross-linked polymers, carbide-derived carbon, and many 

other porous structures.  65   ,   66   In particular, MOFs and covalent 

organic frameworks have been studied extensively,  56   ,   67   –   69   but a 

review of these materials is beyond the scope of the present article.   

 Summary 
 We have reviewed representative materials and mechanisms for 

molecular hydrogen storage from the perspective of computa-

tional materials design. With the rapid increase in computa-

tional power and the development of optimized fi rst-principles 

packages  4   ,   70   incorporating improved exchange-correlation func-

tionals such as hybrid generalized gradient approximation func-

tionals, an accurate and fast search of realistic solid materials 

for hydrogen storage has become possible. Practical operating 

conditions require hydrogen adsorption energies of a few 10s 

of kJ/mol. Stable metal-dihydrogen complexes can provide 

a platform to achieve such intermediate adsorption strengths 

that lie between those of physisorption and chemisorption, and 

metal-decorated porous materials have been discussed as poten-

tial candidates for this. We have addressed issues and problems 

concerning metal-decorated nanostructures: metal clustering, 
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stability of backbone structures, oxidation, and other materials 

limitations such as surface areas and pore sizes. 

 Computational design of hydrogen storage materials that 

can operate at ambient conditions needs to meet with two pri-

mary challenges: fi nding a mechanism that has the appropriate 

interaction strength noted previously; and providing a stable 

(chemically, thermally, and mechanically) porous structure that 

possesses a large available surface, affording interaction sites 

for H 2  molecules. Metal-decorated metal organic frameworks/

covalent organic frameworks, high surface area heteropolar 

materials, graphene or graphite-related structures, bioinspired 

materials, and structures that exploit excited states of chemistry 

are among the areas that remain to be pursued in future research.     
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